Traditionally, electrical resistivity tests are being used for geophysical characterization but the electrical properties of soils can also be explored for compaction control of geotechnical works. Theoretical relations for estimating the electrical resistivity can be derived based on the degree of saturation and can be plotted in a chart relating water content with dry volumetric weight. The curves for specific values of electrical resistivity considering different degrees of saturation and porosities define an electrical resistivity chart, which can be used for compaction control of clayey soils. However the contribution of the water adsorbed in the electrically charged clay minerals surfaces must be considered, as they increase electrical conductivity. This paper presents the results of an experimental study in which the electrical resistivity was measured in different specimens of white kaolin compacted with different voids ratio and molding water contents. Discussion is made over the influence on electrical resistivity of the structure induced by the compaction process. Experimental data allowed defining the resistivity chart for this clay, which differs from the theoretical chart defined based only in the degree of saturation. Considerations are done about how this information can be used in compaction control considering the definition of resistivity charts and different clayey soils.
Introduction
The use of electrical resistivity for soil geophysical prospection tests is well defined in standard tests (Holyoake et al. 2014) . The measurement of electrical resistivity for this purpose can be used as an alternative to traditional methods and was investigated in this paper. The use of this technique for in situ prospection allows characterizing wide open areas and large depths, while for compaction a PhD. Student b MSc * Assistant Professor Procedia Engineering Volume 143, 2016, Pages 803-810 Advances in Transportation Geotechnics 3 . The 3rd International Conference on Transportation Geotechnics (ICTG 2016) control the measurements are localized. However both cases are ruled by the same principles. Electrical resistivity of Geomaterials is affected by the presence of water filling their pores and is influenced by the structure of these materials because pores geometry affects the liquid phase and therefore the path followed by the electrons. Compacted soils are unsaturated soils and it is well known that the degree of saturation must also be considered because electrical current through the porous media depends on the continuity of the liquid phase due to the fact that the electrical conductivity of water is much larger than that of the solids. Adding to that, the nature of the pore fluid is also important.
Soil physical properties relevant for studying electrical conductivity may be controlled by the compaction process because soil structure and degree of saturation in compacted clays depend on the choice of the compaction interval. Based on this, an extensive set of experimental tests was performed in which several samples were prepared with different water contents and void ratio, for which the electrical resistivity was measured for the water content at compaction and after full saturation. Data collected allowed to draw resistivity charts, which are curves connecting the points where equal resistivity was found in plots of water content versus dry volumetric weight. Such curves can be used for compaction control if compaction curve is known.
Various relations for the electrical resistivity (or the inverse, which is electrical conductivity) have been proposed for specific types of soils based on their degree of saturation, porosity, pore fluid conductivity and cation exchange capacity. The simplest are based only on the degree of saturation. These theoretical relations were used to draw resistivity charts and were compared with the experimental charts. The differences found are commented in the paper based on how they are affected by soil structure and on the simplifications taken for defining these charts. The paper ends discussing the practical use of such charts and how this information can be extrapolated for other kinds of compacted soils.
Electrical Conductivity in Clayey Soils
In coarse granular soils, electrical resistivity is affected by the soil porosity/tortuosity and also by the nature of the pore fluid. Soil structure can influence electrical flow because the arrangement of the pores can provide different paths for the current. In fine grained soils, however, it depends also on the minerals present because electrical current may flow through the charged surfaces of the clay minerals. According to recent studies, the flow in the clays due to electrical potential considers the pore water conductance as well as the surface conductivity of the particles; however it can be affected by the tortuosity created by the structure of the soil after compaction. There are various models which explain the conductivity in clayey soils (Mitchell and Soga 2005 , for example). The Cation Exchange Capacity (CEC) of a particular mineral may play an important role in the conductivity in the solid phase of the soil. The CEC of Kaolinite is around 3-15 meq/100 g and can be taken into consideration for the conductance in the solid phase.
The structure of compacted clays usually can be arranged into flocculated and dispersed depending on the compaction interval chosen. The compaction on the dry side contain less water and hence the attraction forces between the edges and faces of clay particles makes the structure flocculated. When done on the wet side, the water reduces the repulsion between the faces of the clay particles and results in a dispersed structure. In both cases clay particles are arranged into aggregates and therefore two kinds of pores may be identified: the macropores, which are the pores between the aggregates, and the micropores, which are the pores of the aggregates (Romero et al 1999; Alonso and Cardoso, 2010) . Water exists in the two kinds of pores and has different contributions to soil electro-hydro-mechanical behavior. The water in the macropores is the free water and its amount depends on the degree of saturation of the soil. The water in the micropores is the microstructural water and part is adsorbed on the clay minerals. The adsorbed water can also be named as immobile water and does not contribute to hydraulic conductivity, however it is fundamental for the electrical conductivity through the clay minerals, and also rules swelling deformations and osmotic phenomena (Santamarina et al. 2001) .
Likewise, the granular materials, for compacted clays the water in the largest pores provides the path for electrons flow, however this transport mechanism occurs while there is continuity of the liquid phase (Fukue et al. 1999) . Equation 1 is valid only for this case. In this equation S r is the degree of saturation, ρ and ρ sat , are the electrical resistivity of the porous medium unsaturated and saturated, respectively, and B is a calibration parameter.
The degree of saturation for which the continuous phase looses continuity is called residual state of saturation and can be found by measuring the water retention curve of the material (Vanapalli et al. 1999) . This curve relates soil suction, or the relative humidity of the air in the soil pores, with the degree of saturation or water content. It is assumed that above this value water remains mainly in the microstructure. At the limit dry case it is assumed that water exists only in the adsorbed form and therefore electrons are expected to flow mainly through the electrically charged surfaces.
By knowing the relationship given by Equation 1 it is possible to find the correspondence between electrical resistivity and the curves for each degree of saturation in a plot water content, w, versus dry volumetric weight, d . They can be derived from Equation 2, where G s is specific gravity, w is water volumetric weight and the other parameters were already defined. Equation 2 defines the theoretical curves for electrical resistivity, which will be compared with the experimental curves found for the compacted kaolin investigated.
Material and Methods
The compacted samples were prepared with commercial white kaolin. The main properties of this fine material are liquid limit of 52% and plasticity index of 22%, with a clay content of 31% and specific gravity of 2.61. The material can be classified as MH according to the Unified Soil Classification. The activity of the clay is 0.71 (low activity), which is confirmed by its zeta potential for pH=7 (Gingine and Cardoso, 2015) . Figure 1 presents the compaction curves of the material, as well as the points prepared for measuring electrical resistivity (in circles). For the standard Proctor energy, the optimum water content and maximum dry density found are 23% and 15.1 kN/m 3 respectively. As shown in Figure 1 , the samples were prepared by mixing the soil with the desired molding water contents (varying from 20% to 30%). After mixing, the soil was kept in a closed bag for attaining equilibrium, and then compacted to the desired void ratio (between 0.6 and 1.2). The energy applied in samples compaction was lower than that applied in Standard compaction because PVC molds (diameter 70mm with a L/D ratio of two, shown in Figure ) were used instead of steel. PVC was chosen for efficiency and fast casting of the samples and also because is a good electrical insulator (resistivity of 10 14 ~ 10 16 Ω-cm). Also, PVC allowed to insert four steel electrodes in the soil after its compaction. These electrodes were necessary to measure the electrical conductivity and were inserted just before the testing in the clay samples. In order to reduce the disturbance, the holes were already provided in the mold before compacting the soil in it and the electrodes were inserted carefully.
The setup for measuring the electrical resistivity was adapted from the BS 1377: Part 3: 1990. The Wenner four-pin method is the most commonly used technique for soil resistivity measurements. The distance of 25 mm was adopted between electrodes, which is considered recommendable for various pore fluids according to the BS 1377: Part 3: 1990.Using the Wenner method, the apparent soil resistivity value is given by Equation 3:
where ρ is the apparent soil resistivity (Ω-m), a is the electrode spacing (m), R is Wenner resistance measured as the slope of a current versus voltage plot (V/I) in (Ω). Direct current (DC) of 10 mA was applied to the clay samples in the outer electrodes using Keithley 220 Programmable current source (0.1 Hz -100Hz) and the voltage was measured between the inner two electrodes using Agilent 34401A digital multimeter(100mV-1000V; 3Hz -300kHz). This process was repeated in the reverse direction and the average value was considered in the calculations. The electrical resistivity test was repeated in the same samples after they were saturated in the triaxial chambers using two pressure controllers. Volume changes during saturation were neglected. All the measurement were done in the laboratory temperature of around 20ºc.
The water retention curves, WRC, were measured using a dewpoint potentialmeter equipment (WP4C) (Dias, 2015) . Only the curves of the samples prepared with voids ratio of 0.6 (wet side), 0.9 (near optimum) and 1.2 (dry side) and water content of 25% were measured, in order to find the degree of saturation corresponding to the residual state of saturation. Values for the residual state of saturation close to 10% were found for all points and for both branches. This residual state is found by intersecting the tangent line in the inflection point with line tangent to the section that includes the maximum value of suction. Above this value it is expected Equation 1 to be valid.
The results of the experimental study in which the electrical resistivity was measured in different specimens of kaolin compacted with different voids ratio and molding water contents are studied and discussion is made over the influence on electrical resistivity of the structure induced by the compaction process. Figure 3 shows some microscope photographs taken of the kaolin samples (3) Figure 2 : Geometry of the PVC molds and setup for electrical conductivity measurement.
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compacted for different voids ratios with water content of w=25%. These photographs confirm the different sizes for the macropores, which are larger for the larger voids ratio presented. For this reason different electrical conductivities are expected for the different compaction points.
Results and Discussion

Structure Influence on Electrical Resistivity
If it is assumed that the electrical conductivity of the pore fluid is more important for electrons flow mechanism than that of the electrically charged clay minerals and adsorbed water, the electrical resistivity depends only on the kind of electrolyte, porosity and tortuosity of the pores. Therefore the relationship proposed by Archie (Archie, 1942) can be used (Eq. 4). Parameter F in this equation is named formation factor and is defined considering porosity n, the electrical resistivity of the saturated porous medium, ρ sat , and that of the electrolyte, ρ w . Parameters a and m are constants.
Even if knowing that the soil was mixed with distilled water, for the electrolyte it was considered the conductivity of water measured after a single washing of the soil. 100 g of soil was well mixed and agitated in 500 g of distilled water and after it settled completely the electrical resistivity of the water left above was measured. The value of 85 Ω-m was measured. This value reflects the presence of salts and other minerals in pore fluid, even knowing that samples were prepared with distilled water.
The resistivity measured for all samples is plotted in Figure 4 .a. A bad fitting is observed when (4) using Equation 2. This result was expected because of the simplifications adopted. For a better fitting the samples were grouped in flocculated and dispersed structures, i.e., compacted on the dry and wet sides of the compaction curve, respectively. The new curves are presented in Figure 4 .b and a much better curve fitting was found. It can be seen in Figure 4 .b that, for the same porosity, the formation factor (or the saturated resistivity) increases when the samples are compacted on the wet side.
Knowing that the size of the macropores is smaller for the samples compacted on the wet side than for the samples compacted in the dry side, this result is consistent with the existence of a smaller volume of fluid in the macropores. This indicates that clay structure affects soil conductivity, such as it occurs for granular materials. Even though similar values were found for constants a and m for the two curves in Figure 4 .b, the value of m is smaller than the values usually found for sands (around 3) (Archie, 1942) . This confirms that electrical resistivity in clays is not ruled by porosity and soil structure alone but also must consider the presence of the electrically charged clay particles.
Degree of Saturation
The dependency of the electrical resistivity on the degree of saturation is now investigated. Parameter B from Equation 1 previously presented was calibrated using the resistivity values measured on the samples with the compaction water content and after full saturation. The values used and curve fitting are presented in Figure 5 . Parameter B is assumed to be constant for a given material, however the curve fitting shown in Figure 5 could be better. As before, the points found for the samples compacted on the dry and wet sides were separated into two groups and B was calibrated for each group. The values found are in Table 1 .
The best fitting was found for the samples compacted in the dry side, with B equal to 1.92. This value is not much different from B=1.68 found when all samples are considered. For the samples compacted on the wet side the value of B was very different but it may be affected by experimental error. In all cases parameter B ranges from 1 to 3, which is lower than the values of 4 to 5 suggested by Santamarina et al. (2001) and Abu-hassanein et al. (1996) for compacted clays. Figure 6 .a presents the theoretical curves for identical electrical resistivity, which were computed using Equation 2. In this equation the parameters obtained from the equations in the previous sections were used: B = 1.68 and ρ sat = 27 Ω-m. They were assumed to be constant for the kaolin investigated. As expected, these curves have shape similar to the curves of equal degree of saturation. The electrical resistivity measured for all the samples are shown in Figure 6 .b. This figure includes the values measured for the samples with the compaction water content and saturated. The lines of equal resistivity were drawn by interpolating the experimental values.
Resistivity Charts
The curves from both figures show similar trends, however for the lowest water contents and dry volumetric weights the theoretical curves in Figure 6 .a correspond to higher resistivity values than those in Figure 6 .b. In addition, the curves in Figure 6 .b are concave for resistivity values above 40 Ω-m. These differences reflect the electrical behavior of the clayey soil, which is affected not only by the amount of water in the pores but also by soil structure and the presence of the electrical charge of clay minerals. Indeed, at higher densities/ low voids ratio both solid (electrically charged clay minerals and adsorbed water) and liquid medium (water in the macro and micropores) conduct in parallel thus decreasing soil resistivity. The solid phase starts dominating when the sizes of the voids reduce or when the degree of saturation decreases. Both depend on compaction (water and energy).
The results can also be interpreted considering structure induced by the compaction interval. Soil structure is dispersive for the highest water contents and/or larger dry volumetric weights studied. For this reason, even if the size of the macropores is small there is the contribution of the water in the micropores and of adsorbed water. As previously mentioned, the contribution of the latter increases conductivity. For the smallest water contents and low densities, soil structure is flocculated and therefore electrons flow mechanism is expecting to occur mainly through the water in the macropores, like in granular soils. However, and as observed when Archie´s law was fitted to experimental data (Figure 4.b) , the contribution of the electrically charged clay minerals cannot be neglected, in particular for the low degrees of saturation when the liquid phase may no longer be continuous but there is conductivity through the clay minerals.
It is important to note that the use of resistivity charts for compaction control requires their definition for each soil. It can be done by measuring resistivity in the points used for determining the compaction curves. The definition of the resistivity curves using equation 1, fitted to the resistivity values measured, can be a good approach. Indeed, when comparing figures 6.a and 6.b, the resistivity curves are similar near the standard proctor curve (see also Fig. 1 ) and for this reason the shape given by theoretical expression may be acceptable. Such approach must be tested in real situations. 
Conclusions
The effect on the electrical resistivity of the compacted kaolin of different structures obtained by compaction procedures was investigated in this paper. Curve fitting using Archie´s law considered soil structure induced by the compaction process. Resistivity charts found using theoretical concepts and drawn using experimental data were compared. The theoretical lines are similar to the experimental ones only near saturation. In case of unsaturated conditions, besides the degree of saturation, structure induced by the compaction process and the presence of the electrical charge on the clay minerals must be considered. This is because electrons flow in parallel through the solids (electrically charged clay minerals and adsorbed water) and liquid medium (water in the macro and micropores). The solid phase starts dominating when the size of the voids reduces or when the degree of saturation decreases. In the first case the amount of water in the liquid phase reduces; in the second, liquid phase loses continuity.
The existence of resistive charts may provide an alternative tool for compaction control in the field as long as they are calibrated for that specific type of soil. Theoretical resistivity charts should not be used in compacted clays materials as they do not consider the existence of the electrically charged surfaces and adsorbed water however their shape can be used near the compaction curve as long as calibrated with data from measurements. Practical applications must be tested.
